Receptor-interacting protein kinase 3 (RIPK3) is a serine/ threonine kinase with essential function in necroptosis. The activity of RIPK3 is controlled by phosphorylation. Once activated, RIPK3 phosphorylates and activates the downstream effector mixed lineage kinase domain-like (MLKL) to induce necroptosis. In certain situations, RIPK3 has also been shown to promote apoptosis or cytokine expression in a necroptosis and kinase-independent manner. The ubiquitin-proteasome system is the major pathway for selective degradation of cellular proteins and thus has a critical role in many cellular processes such as cell survival and cell death. Clinically, proteasome inhibition has shown promise as an anti-cancer agent. Here we show that the proteasome inhibitors MG132 and bortezomib activate the RIPK3-MLKL necroptotic pathway in mouse fibroblasts as well as human leukemia cells. Unlike necroptosis induced by classical TNF-like cytokines, necroptosis induced by proteasome inhibitors does not require caspase inhibition. However, an intact RIP homotypic interaction motif (RHIM) is essential. Surprisingly, when recruitment of MLKL to RIPK3 is restricted, proteasome inhibitors induced RIPK3-dependent apoptosis. Proteasome inhibition led to accumulation of K48-linked ubiquitinated RIPK3, which was partially reduced when Lys-264 was mutated. Taken together, these results reveal the ubiquitin-proteasome system as a novel regulatory mechanism for RIPK3-dependent necroptosis.
Tissue homeostasis is maintained through dynamic balance between cell survival and cell death. A number of diseases such as cancer can be attributed to perturbation of this balance. Caspase-dependent apoptosis is a key cell death module with important functions in development and certain disease pathologies. In addition to apoptosis, recent evidence shows that a form of regulated necrosis, termed necroptosis, is significantly associated with a number of common clinical diseases such as viral infection, ischemia-reperfusion injury, myocardial infarction, atherosclerosis, and inflammatory bowel diseases (1, 2) . Necroptosis is driven by the cytosolic serine/threonine kinase receptor-interacting protein kinase 3 (RIPK3) 2 (3) . A wide variety of stimuli including tumor necrosis factor (TNF) superfamily death ligands have been reported to induce necroptosis (1) . Ligation of TNF to TNF receptor (TNFR) 1 causes formation of receptor-associated complex I, which comprises of TNFR1-associated via death domain (TRADD), TNFR-associated factor 2 (TRAF2), cellular inhibitor of apoptosis 1 (cIAP1), cIAP2, linear ubiquitin chain assembly complex (LUBAC), and RIPK1. cIAPs and LUBAC promotes RIPK1 ubiquitination through Lys-11, Lys-63, and linear ubiquitin linkages, which promotes activation of NF-B and cell survival in part by limiting the formation of the cytosolic death-inducing signaling complex (DISC, aka complex IIa). Removal of the ubiquitin chains on RIPK1 by the de-ubiquitinase cylindromatosis (CYLD) promotes Complex IIa formation and apoptosis (4) . When caspase 8 activity is blocked, RIPK3 is recruited to the complex to promote necroptosis. Besides RIPK1 and RIPK3, caspase 8 and its adaptor Fas-associated via death domain (FADD) are also major components of Complex IIa and the RIPK3-associated Complex IIb (aka the necrosome).
RIPK3 possesses an active kinase domain in the N terminus and a unique protein-protein interaction domain called the RIP homotypic interaction motif (RHIM) at the C terminus (5) . Phosphorylation of RIPK1 and RIPK3 in their kinase domains facilitates RHIM-mediated interaction between RIPK1 and RIPK3 and formation of an amyloid-like filamentous signaling complex (6, 7) . Although RIPK1 is required for TNF-induced RIPK3 activation, it is not a prerequisite in toll-like receptor 3 (TLR3) or interferon-induced necroptosis (8) . Phosphorylation of RIPK3 at Thr-231/Ser-232 (Ser-232 in human RIPK3) stimulates recruitment and phosphorylation of the downstream substrate mixed lineage kinase-domain like (MLKL). Activated MLKL undergoes oligomerization and translocates to intracellular and plasma membranes, which eventually leads to membrane lesions through a yet-to-be-defined mechanism (9 -15) .
The proteasome is a large multimeric complex responsible for selective degradation of proteins that are covalently modified by K48-or K11-linked polyubiquitin chains (16) . The expression of many proteins with important functions in cell cycle or cell death is often controlled by the ubiquitin-proteasome system (UPS). As a result, defects in proteasomal degra-* This work was supported by National Institutes of Health Grant AI083497.
dation can lead to various disorders (17) . In cancers, targeting the UPS has proved to be an effective therapeutic approach (18) . For example, a first-in-class proteasome inhibitor, bortezomib, has been successfully used for treatment of multiple myeloma and mantle cell lymphoma (19) . The success of bortezomib has led to efforts to develop second-generation proteasome inhibitors with improved safety and efficiency (20) .
Despite the importance of the UPS in biology, relatively little is known about its role in necroptosis. Here, we show that proteasome inhibitors can potently induce RIPK3-dependent necroptosis. Proteasome inhibitor-induced necroptosis requires an intact RHIM in RIPK3 and downstream activation of MLKL. Surprisingly, when recruitment of or access to MLKL is impeded, proteasome inhibitors promote RIPK3-dependent apoptosis instead. Mechanistically, proteasome inhibitors triggered the accumulation of K48-linked ubiquitinated RIPK3. Mutation of Lys-264 in the kinase domain of RIPK3 significantly reduced proteasome-induced RIPK3 ubiquitination and necroptosis. These results reveal an important function of the UPS in the regulation of necroptosis and suggest that targeting this pathway may be a useful strategy in cancer therapy.
Experimental Procedures
Reagents-z-VAD-fmk, z-IETD-fmk, MG132, staurosporine, and necrostatin-1 were obtained from Enzo Lifesciences. Doxycycline, cycloheximide, 5-FU, oxaliplatin, irinotecan, doxorubicin, and etoposide were obtained from Sigma. Bortezomib was obtained from ApexBio. Anti-mouse Fas agonistic Jo2 antibody was obtained from BD Biosciences. Anti-human Fas agonistic CH11 antibody was obtained from Millipore. Anti-mouse TNF blocking antibody was obtained from R&D systems. GSKЈ840 and GSKЈ843 were kindly provided by J. Bertin and P. Gough. BV6 was kindly provided by D. Vucic.
Cell Culture-Ripk3
3T3, and 293T cells were cultured in DMEM medium. T cell leukemia cell lines Jurkat and H9 were cultured in RPMI medium. Ten percent fetal calf serum, 2 mM glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin were added to the medium.
Plasmids, Viruses, Transfections, and Transductions-Wild type mouse Ripk3 genes were cloned into a modified lentiviral tet-on pTRIPZ/Puro vector. Wild type mouse Ripk3 and Mlkl genes were also cloned into a retroviral pMSCV/Hyg vector. HA and FLAG tags were introduced at the amino and carboxyl termini of RIPK3 by PCR cloning, respectively. FLAG tag was fused at the carboxyl terminus of MLKL. Each mutant Ripk3 expression vector was generated by site-directed mutagenesis. For RHIM mutant, the tetra core sequence of RHIM, VQIG, of mouse RIPK3, was mutated to AAAA. The sequence of all the genes inserted was confirmed by sequence analysis. pGIPZ/ puro vector carrying shRNA against mouse Mlkl (Open Biosystems, V3LMM_485516) was used to silence MLKL expression. pGIPZ vector carrying non-silencing scrambled shRNA was used as negative control (Open Biosystems, RHS4346). Lentivirus was generated by transfecting the virus vectors into 293T cells with pMD2.G and psPAX2 vectors. After 24 h, culture media were replaced and the cells were further cultured for 24 h. Retrovirus was generated by transfection in 293T cells using VSV-G and Gag/Pol packaging vectors. Culture medium was collected, filtered, and used for transduction with 10 g/ml polybrene. After transduction, the cells were selected by hygromycin B (300 g/ml) or puromycin (2 g/ml). RIPK3 expression was induced by 1 g/ml doxycycline.
Western Blot and Immunoprecipitation (IP)-Whole cell extracts were prepared in RIPA lysis buffer and resolved on 4 -20% polyacrylamide gels from Invitrogen or GenScript. To detect MLKL oligomers, lysates were heated at 70°C for 10 min in SDS loading buffer without DTT. After transferring proteins to nitrocellulose membrane, immunoblot analysis was performed with the following antibodies: Anti-mouse RIPK3 (2283, Prosci), human RIPK3 (generated in our own laboratory), mouse RIPK1 (38/RIP, BD Biosciences), mouse caspase 8 (1G12, Enzo Lifesciences), human caspase 8 (12F5, Enzo Lifesciences), human cleaved PARP (9541, Cell Signaling Technology), mouse caspase 3 (46, Santa Cruz Biotechnology), human/ mouse MLKL (3H1, Millipore), phospho human MLKL (EPR9514, Abcam), human/mouse cIAP1 (AF818, R&D Systems), ubiquitin (Ubi-1, Sigma), K48 ubiquitin (Apu2, Millipore), K63 ubiquitin (Apu3, Millipore), and mouse FADD (kindly provided by A. Winoto at the University of California, Berkeley) antibodies. Anti-␤-actin (3779, Prosci) and HSP90 (68/Hsp90, BD Biosciences) antibodies were used as loading controls. For IP, RIPA lysates were pre-cleared by Sepharose 6B (Sigma) for 1 h at 4°C, followed by incubation with anti-mouse RIPK3 antibody and anti-rabbit IgG conjugated agarose beads (Sigma) at 4°C overnight. After washes in RIPA buffer (5ϫ), the resulting immune complex was resolved on polyacrylamide gel. For denaturing IP, cells were lysed with denaturing IP buffer (10 mM Tri-HCl, 150 mM NaCl, 2% SDS) and subsequently boiled at 95°C for 10 min (21) . After sonication, lysates were diluted with dilution buffer (10 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40) to reduce the SDS concentration to 0.2%. After rotation for 45 min at 4°C and centrifugation at 13,000 rpm for 30 min, lysates were subjected to IP using anti-RIPK3 antibody and anti-rabbit IgG-conjugated agarose beads (Sigma). Normal rabbit IgG (sc-2027, Santa Cruz) was used as control.
Cell Death Assay-Cell death was determined by CellTiterGlo Luminescent Cell Viability Assay (Promega), CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega), or FACS using propidium iodide (PI) (Sigma). All cell death assays were performed in triplicates.
Statistical Analysis-Results shown are mean Ϯ S.E. p values were calculated by unpaired t test with Welch's correction. p values less than 0.05 were considered statistically significant. irinotecan, doxorubicin, or etoposide as we previously reported (Fig. 1A) (23) . In addition, wild type RIPK3-expressing cells were highly sensitive to cell death induced by bortezomib, a clinically approved proteasome inhibitor (Fig. 1B) . To delineate the underlying mechanism, we generated a series of RIPK3 mutants and introduced them into Ripk3 Ϫ/Ϫ 3T3 cells under the control of doxycycline-inducible promoter. MG132 and bortezomib induced comparable cell death in cells expressing wild type RIPK3 as well as the kinase inactive RIPK3 mutants K51A, D143N, and D161N (Fig. 1, B and C) . In contrast, cells that express RIPK3 carrying tetra-alanine mutation in the core sequence of RHIM were resistant to MG132 and bortezomib (Fig. 1, B-D) . These results indicate that proteasome inhibitorinduced cell death requires an intact RIPK3 RHIM.
MG132 Induces Necroptosis in Wild Type RIPK3-expressing Cells-The kinase activity of RIPK3 is indispensable for necroptosis (7). In addition, RIPK3 can also induce apoptosis in a kinase activity-independent manner (24, 25) . To determine the cell death mechanism induced by MG132, we first examined the cell death kinetics. Wild type RIPK3-expressing cells underwent rapid cell death within 4 h after MG132 treatment ( Fig.  2A) . In contrast, cell death in RIPK3-D143N-expressing cells was much slower (Fig. 2A) . During necroptosis induction, RIPK3 phosphorylates its downstream substrate MLKL. Activated MLKL undergoes oligomerization and this process can be visualized on non-reducing SDS-PAGE (11) (12) (13) (14) . In wild type RIPK3-expressing cells, MG132-induced MLKL oligomerization was first detected at 2 h, and was further enhanced at 4 h (Fig. 2B, lanes 3 and 4) . Strikingly, MLKL oligomerization was absent in RHIM or D143N mutant-expressing cells (Fig. 2B,  lanes 5-12) . Instead, we detected cleaved and activated caspase 3 and 8 in D143N mutant-expressing cells at 4 h, but not in wild type RIPK3-expressing cells (Fig. 2 
, B, lane 12 and C, lane 10).
The caspase 3 activation was not blocked by anti-TNF blocking antibody, which significantly blocked TNF-induced necroptosis, indicating that autocrine TNF production by MG132 treat- ment is not involved in the activation (Fig. 2, D and E). These results suggest that wild type RIPK3 and kinase inactive RIPK3-D143N mediates distinct forms of cell death in response to MG132. Consistent with the biochemical results, the pancaspase inhibitor z-VAD-fmk blocked MG132-induced caspase activation (Fig. 2C , lanes 10 -11) and cell death in RIPK3-D143N-expressing cells (Fig. 2F ). In contrast, z-VAD-fmk did not inhibit cell death in wild type RIPK3-expressing cells (Fig. 2F) .
As recently reported (25) , high concentration of the RIPK3 kinase inhibitor GSK'843 induced activation of caspase 3 and 8 in wild type RIPK3 and D143N mutant-expressing cells (Fig.  2C, lanes 4 and 12) . Hence, the lack of caspase 3 and 8 activation in MG132-treated wild type RIPK3-expressing cells was not due to intrinsic defect in caspase activation. The RIPK1 kinase inhibitor necrostatin-1 (Nec-1) did not block MG132-induced cell death in wild type and kinase dead mutant-expressing cells (Fig. 2F ), indicating that RIPK1 kinase activity is not required. These results indicate that MG132 primarily induces necroptosis when RIPK3 kinase activity is intact, but that inhibition of RIPK3 kinase activity switches the cell death mode from necroptosis to apoptosis.
Availability of MLKL Determines the Cell Death Mode
Induced by Proteasome Inhibition-To evaluate the role of MLKL in MG132-induced cell death in wild type RIPK3-expressing cells, we silenced MLKL expression by shRNA (Fig.  3A) . Interestingly, knockdown of MLKL did not suppress MG132-induced cell death (Fig. 3B) . Previous studies showed that knockdown or knock-out of MLKL switched cell death from necroptosis to apoptosis (26, 27) . Consistent with these reports, MG132 induced caspase 3 activation in cells whose MLKL expression was silenced (Fig. 3C ). In addition, z-VADfmk inhibited MG132-induced cell death in MLKL-knockdown cells (Fig. 3D) . The residual cell death in MLKL-knockdown cells was likely due to incomplete silencing of MLKL expression (Fig. 3, A, C, D) .
Our results suggest that the availability of MLKL, but not the RIPK3 kinase activity per se, determines whether cells undergo necroptosis or apoptosis. To further test this model, we generated RIPK3 T231A/S232A mutant-expressing cells (Fig. 3E) . Since phosphorylation of Thr-231 and Ser-232 is essential for recruitment of MLKL to RIPK3, RIPK3-T231A/S232A cannot activate MLKL despite retention of intact kinase activity (10) . Consistent with our model, MG132 induced activation of caspase 8 and 3 in T231A/S232A mutant-expressing cells (Fig.  3F ), similar to RIPK3 kinase dead mutant-expressing cells (Fig.  2, B and C) . Moreover, z-VAD-fmk inhibited MG132-induced cell death in RIPK3-T231A/S232A cells, but not wild type RIPK3-expressing cells (Fig. 3G) . Collectively, these results show that the availability of MLKL determines the cell death mode in response to proteasome inhibition.
Proteasome Inhibition Induces Apoptosis through the Ripoptosome-During TNF-induced necroptosis, RIPK3 interacts with RIPK1 to form the necrosome or ripoptosome, which also consists of FADD and caspase 8 (7) . In wild type RIPK3-expressing cells, MG132 did not induce ripoptosome formation (Fig. 4A, lane 2) . This is in contrast to treatment with the RIPK3 kinase inhibitor GSK'843, which induced strong RIPK1-RIPK3-FADD interaction as previously reported (Fig. 4A, lane 3) (25) . Ripoptosome assembly required an intact RHIM, since tetraalanine RIPK3 RHIM mutant abolished GSKЈ843-induced ripoptosome assembly (Fig. 4A, lane 6) . We also did not detect interaction between MLKL and RIPK3 in wild type RIPK3-expressing cells after MG132 treatment, suggesting that MLKL only transiently interacts with RIPK3 to be activated (data not shown). In D143N mutant-expressing cells, MG132 and GSKЈ843 both induced formation of the ripoptosome (Fig. 4A,  lanes 8 -9) . Ripoptosome-induced apoptosis in D143N mutantexpressing cells was inhibited by the caspase 8 inhibitor z-IETD-fmk (Fig. 4B) . z-IETD-fmk inhibited cell death induced by the anti-Fas agonistic Jo2 antibody (Fig. 4C ), but not apoptosis induced by the intrinsic apoptosis inducer staurosporine (STS) (Fig. 4D) . By contrast, the pan-caspase inhibitor z-VADfmk completely blocked STS-induced cell death (Fig. 4E) . These results indicate that when RIPK3 kinase activity is inhibited, MG132 induces ripoptosome formation, caspase 8 activation, and apoptosis.
RIPK1 Is Required for MG132-induced Apoptosis, but Not Necroptosis-Although the RIPK1 kinase inhibitor Nec-1 did not inhibit RIPK3-dependent necroptosis and apoptosis in response to MG132 (Fig. 2F) , RIPK1 was still recruited to the RIPK3-associated ripoptosome when apoptosis was induced in the D143N mutant (Fig. 4A) . To examine whether RIPK1 might promote RIPK3-dependent cell death through its scaffolding function (28), we expressed wild type RIPK3 in a doxycyclineinducible manner in Ripk1 Ϫ/Ϫ 3T3 cells. In these cells, RIPK3 expression similarly enhanced MG132-induced cell death (Fig.  5A) . However, when compared with Ripk3 Ϫ/Ϫ cells, MG132 induced weak MLKL oligomerization in Ripk1 Ϫ/Ϫ cells (Fig. 5B,  lanes 2-3) , which was probably due to lower expression of MLKL in Ripk1 Ϫ/Ϫ 3T3 cells (Fig. 5B) . Indeed, when we overexpressed MLKL in Ripk1 Ϫ/Ϫ 3T3 cells, MLKL oligomerization became much more prominent (Fig. 5C, lane 2) . Interestingly, the RIPK3 kinase inhibitor GSKЈ843 strongly inhibited MG132-induced cell death in Ripk1 Ϫ/Ϫ cells (Fig. 5, D and E) . This is in contrast to RIPK1-sufficient cells, which switched the cell death mode from necroptosis to apoptosis when RIPK3 kinase activity was inhibited (Fig. 2F) . MG132 also induced RIPK3 kinase activity-dependent cell death in Ripk1 Ϫ/Ϫ 3T3 cells in the absence of RIPK3 overexpression (Fig. 5, D and E) . These results indicate that RIPK1 is an integral component of the MG132-induced ripoptosome and subsequent apoptosis. However, an intact RIPK1 is dispensable for MG132-induced, RIPK3-mediated necroptosis.
Bortezomib Activates Necroptotic Pathway in Human Cancer Cells-The proteasome inhibitor bortezomib is clinically approved for the treatment of multiple myeloma and mantle cell lymphoma (19) . We therefore tested whether bortezomib might activate the necroptotic pathway in human lymphoma. The human lymphoma cell lines Jurkat and H9 both expressed endogenous RIPK3 (23) . However, since RIPK3 expression in these cells were lower than that in doxycycline-induced 3T3 cells, we used a higher concentration of bortezomib to induce cell death in these experiments. In these cells, bortezomib 
FIGURE 3. MLKL availability determines the cell death mode in response to MG132. A-D, Ripk3
Ϫ/Ϫ 3T3 cells were transduced with retrovirus expressing wild type HA-RIPK3-FLAG and lentivirus expressing non-silencing (NS) or MLKL shRNA. In A, knockdown of MLKL expression was confirmed by Western blot. In B and D, cell death was determined after 2 M MG132 treatment for 16 h. In C, active caspase 3 was measured by Western blot after MG132 treatment for the indicated time.
E-G, Ripk3
Ϫ/Ϫ 3T3 cells expressing wild type or T231A/S232A RIPK3 under the control of doxycycline-inducible promoter were used.
Induction of RIPK3 expression was confirmed by Western blot after treatment with doxycycline (DOX) for 14 h (E). After induction of RIPK3 expression, cells were treated with MG132 for 4 h (F). The cells were treated with DOX and 10 M zVAD for 1 h prior to treatment with 2 M MG132 for 16 h (G). Cell death was determined by measuring loss of intracellular ATP (iATP) (B, D, G). *, p Ͻ 0.05.
induced phosphorylation of MLKL (Fig. 6A, top panel) . This phosphorylation was blocked by the human-specific RIPK3 kinase inhibitor GSKЈ840, indicating that bortezomib activated the RIPK3-MLKL necroptotic pathway (Fig. 6B) . Unlike in wild type RIPK3-expressing 3T3 cells, bortezomib also activated the apoptotic pathway in Jurkat and H9 cells, since caspase 8 activation and PARP cleavage was also observed (Fig. 6A) . In RIPK1-deficient Jurkat cells, bortezomib also induced MLKL phosphorylation, indicating that RIPK1 is dispensable for proteasome inhibitor-induced MLKL activation (Fig. 6C, lanes  6 -10) .
Apoptosis is often dominant over necroptosis because caspase 8 cleaves and inactivates RIPK1 and RIPK3 (29 -31) . Indeed, z-VAD-fmk reduced bortezomib-induced cell death by ϳ50% in both Jurkat and H9 cells (Fig. 6D) . In contrast, GSKЈ840, which potently inhibited TNF-and Fas-induced Ϫ/Ϫ 3T3 cells expressing wild type RIPK3 under the control of doxycycline-inducible promoter were used as wild type control for the Ripk1 Ϫ/Ϫ cells. In A, after induction with DOX for 3 h, cells were treated with MG132 for 14 h. In B-C, after DOX treatment for 14 h, they were stimulated with MG132 for 5 h. Whole cell extracts were subjected to Western blot analysis. D-E, after DOX induction for 3 h, cells were treated with 10 M z-VAD-fmk (zVAD) and/or 2 M GSKЈ843 for 1 h, followed by 2 M MG132 for 14 h (D) or 5 h (E). Cell death was determined by measuring loss of intracellular ATP (iATP) (A, D, E). *, p Ͻ 0.05. necroptosis (Fig. 6E) , did not inhibit bortezomib-induced cell death either alone or together with z-VAD-fmk (Fig. 6D) . The lack of protection by GSKЈ840 was not due to incomplete inhibition of RIPK3, since MLKL phosphorylation was completely inhibited (Fig. 6, F and G, lanes 5-8) . These results indicate that although bortezomib activates the necroptotic pathway, it mainly induces caspase-dependent apoptosis and caspase-independent non-necroptotic cell death in these lymphoma cell lines.
Proteasome Inhibitors Induce K48-linked RIPK3 Ubiqutination-We detected higher molecular weight species in RIPK3 immunoblot when RIPK3-expressing 3T3 cells were , and 10 M GSKЈ840 for 1 h were treated with 100 ng/ml TNF (T) for 10 h or 100 ng/ml anti-Fas agonistic CH11 antibody for 7 h. F-G, cells pretreated with zVAD and/or GSKЈ840 for 1 h were treated with bortezomib for 9 h (Jurkat cells) or 7 h (H9 cells). Cell death was determined by FACS using PI (D and E). *, p Ͻ 0.05. treated with MG132 (Fig. 4A, lanes 2, 5, and 8) . In contrast, GSK'843 did not induce these higher molecular weight species (Fig. 4A, lanes 3, 6, and 9) . To directly test whether these high molecular weight species represent polyubiquitinated RIPK3, we isolated RIPK3 by immunoprecipitation (IP) under denaturing condition to remove other interacting proteins. Indeed, we found that ubiquitinated RIPK3 appeared by 2 h after MG132 treatment in wild type RIPK3 expressing cells (Fig. 7A, lane 2) . The high molecular weight species represented RIPK3 since the signal was absent without doxycycline induction (Fig. 7B, compare lanes 2 and 4) . The ubiquitinated RIPK3 contained Lys-48, but not Lys-63 linkages (Fig. 7, C and D) . MG132-induced RIPK3 ubiquitination was also observed in cells expressing RHIM or D143N RIPK3 mutant (Fig. 7, E and F) and in bortezomib-treated Jurkat cells (Fig. 7G) .
K48-linked polyubiquitin chain is a principal signal for proteasome-mediated degradation (16) . As such, MG132 might promote RIPK3-dependent cell death by stabilizing expression of RIPK3 and other ripoptosome components. However, the expression level of RIPK3, RIPK1, FADD, caspase 8, and MLKL was not increased by MG132 treatment after 4 h when MLKL or caspase 8 were fully active (Fig. 2, B and C) . In addition, blocking de novo protein synthesis with cycloheximide for up to 4 h did not reduce the expression of the ripoptosome components (Fig.  7H) . RIPK3 expression was not changed at 6 h, but was significantly reduced after 24 h of cycloheximide treatment (Fig. 7I) . MG132 reversed the loss of RIPK3 expression by cycloheximide (Fig. 7J) . These results indicate that a small fraction of RIPK3 constantly undergoes K48-linked polyubiquitination and proteasomal degradation. Our results also suggest that polyubiquitination regulates RIPK3 activation in apoptosis and necroptosis.
K264 Is a Key Ubiquitin Acceptor Site on RIPK3-A recent report showed that mouse RIPK3 is modified by K63-linked ubiquitination at Lys-5 in A20-deficient cells during TNF-induced necroptosis (32) . In contrast to this report, MG132 induced normal ubiquitination of RIPK3-K5A mutant (Fig. 8A) . Sequence alignment of RIPK3 from different species revealed several conserved lysine residues. We introduced arginine substitution at these lysine residues (Lys-56, Lys-57, Lys-63, Lys- 5 h (B-F) . G, Jurkat cells were treated with 0.5 M bortezomib for 7 h. Cell lysates were subjected to denaturing IP as described under "Experimental Procedures" (A-G). H-J, after induction of RIPK3 expression by DOX for 14 h, DOX was removed, and the cells were treated with 2 g/ml cycloheximide for the indicated time. Cycloheximide was removed after 24 h in I due to its toxicity. In J, Ripk3 Ϫ/Ϫ 3T3 cells expressing tetra-alanine RHIM RIPK3 mutant were used since wild type or kinase dead mutant RIPK3-expressing cells were killed by MG132 much earlier than 24 h (Fig. 2A) .
145, Lys-158, Lys-202, and Lys-264) and found that none of them affected MG132-induced RIPK3 ubiquitination except the K264R mutant and to a lesser extent the K56R mutant (Fig.  8B) . MG132-induced, RIPK3-dependent cell death was partially reduced in cells expressing RIPK3-K264R, but not RIPK3-K56R (Fig. 8C) . Similar results were observed with cells expressing RIPK3-K264A (data not shown). The E3 ligases cIAP1, cIAP2, and XIAP were implicated in RIPK3 ubiquitination in LPS-stimulated bone marrow-derived macrophages (33) . However, the SMAC mimetic BV6, which induces IAP degradation (34), did not alter MG132-induced RIPK3 ubiquitination or cell death (Fig. 8, D and E) . These results indicate that ubiquitination of RIPK3 at Lys-264 by a yet-to-be-identified E3 ligase regulates RIPK3-dependent necroptosis and apoptosis.
Discussion
In this study, we found that proteasome inhibitors activate the RIPK3-MLKL necroptotic pathway in a RHIM-dependent manner. In contrast to TNF-induced necroptosis, which requires inhibition of caspase 8, proteasome inhibitors induced RIPK3 and MLKL activation without caspase 8 inhibition. The differential requirement for caspase 8 inhibition suggests that proteasome inhibitors and TNF-like death cytokines stimulate necroptosis through distinct mechanisms. Our previous study indicates that the RHIM of RIPK3 is sterically masked by the kinase domain to prevent RHIM-mediated oligomerization. Phosphorylation of the RIPK3 kinase domain relieves this steric hindrance and exposes the RHIM to provide a feed-forward signal for further phosphorylation and oligomerization of RIPK3 (6) . In wild type RIPK3-expressing 3T3 cells, MG132 treatment induced rapid MLKL oligomerization with a concomitant increase in K48-linked ubiquitinated RIPK3 within 2 h. Mutation of Lys-264, which is located in the kinase domain of RIPK3, partially reduced RIPK3 ubiquitination and necroptosis. It is tempting to speculate that K48-linked RIPK3 polyubiquitination at Lys-264 may similarly expose the RHIM to promote RIPK3 oligomerization and activation (Fig. 9) . This model predicts that the proteasome critically regulates a tonic low level of active RIPK3 and perturbation of this process can lead to MLKL activation and necroptosis. However, we cannot exclude the possibility that certain unidentified labile proteins that regulate RIPK3 activation are the real targets of this proteasome-regulated response.
The turnover of many cell death mediators have been reported to be regulated by the UPS. For instance, TRAF2 facilitates K48-linked polyubiquitination of caspase 8, which functions as a shutoff timer for caspase 8 activation (35) . In addition, MDM2 oncoprotein facilitates proteasomal degradation of p53 (36 -38) . These are some of the examples by which the UPS protects cells from apoptosis. Our study indicates that the UPS also protects cells from spontaneous necroptosis. Intriguingly, in Jurkat and H9 cells, we unexpectedly observed a low level of spontaneous MLKL phosphorylation. We do not know at present why such phosphorylation does not result in necroptosis. Given the results presented here, it is tempting to speculate that similar UPS-mediated degradative mechanism may regulate necroptosis downstream of MLKL phosphorylation.
In cells expressing wild type RIPK3, MG132 induced MLKL activation without RIPK3 binding to other ripoptosome components such as RIPK1 and FADD. Hence, we speculate that RIPK3 likely forms homo-oligomers through the RHIM and recruit MLKL in response to MG132 treatment. Interestingly, when MLKL recruitment to RIPK3 is impeded by inhibition of RIPK3 kinase activity, knockdown of MLKL, or mutation of the MLKL binding site on RIPK3 (Thr-231/Ser-232), RIPK3 recruits RIPK1 and FADD to form the ripoptosome, a caspase 8-activating complex. Cook et al. previously reported a similar observation that forced dimerization of RIPK3 induces necroptosis or apoptosis depending on the availability of MLKL and caspase 8 (27) . Thus, while the precise mechanism that regulates this molecular decision is unknown at present, it is clear that RIPK3-dependent apoptosis and necroptosis are regulated by events distal to RIPK3 activation.
RIPK3 modifications that resemble ubiquitination was first observed during TNF-induced necroptosis (7). In addition, . The model of ubiquitination-mediated RIPK3 activation. A majority of intracellular RIPK3 is in an inactive state because the kinase domain sterically masks the RHIM. Lys-48-linked ubiquitination at Lys-264, which is observed in only a small fraction of the total cellular pool, allows the inactive RIPK3 to make a transition to an active form by releasing the kinase domain-mediated steric constraint. Such a small amount of active RIPK3 is eliminated by proteasome and thereby does not induce cell death in a steady state condition. When the proteasome activity is blocked, the active RIPK3 forms RHIM-dependent homooligomer, which in turn recruits and activates MLKL. When MLKL recruitment to RIPK3 is inhibited by 1) inhibition of the RIPK3 kinase activity, 2) mutation of RIPK3 Thr-231/Ser-232, or 3) MLKL knockdown, RIPK3 forms a complex with RIPK1, FADD, and caspase 8. Within this complex, caspase 8 is activated and subsequently induces apoptosis. RHIM is critical for both types of death pathway. KD, kinase domain; DD, death domain; DED, death effector domain; P, phosphorylation.
recent reports show that Lys-63 ubiquitination of RIPK3 at Lys-5 is critical for TNF-induced necroptosis in A20-deficient mouse embryonic fibroblasts (32) . RIPK3 polyubiquitination by the E3 ligases cIAP1/2 has also been detected in LPS-stimulated bone marrow-derived macrophages (33) . In contrast to these reports, we found that ubiquitnation of RIPK3 in response to proteasome inhibitors does not involve Lys-5 or the cellular IAPs. While we cannot rule out contribution from other lysine residues, our results suggest that Lys-264 is a key ubiquitin acceptor site on RIPK3 in response to proteasome inhibitors. Importantly, only a small fraction of the total cellular pool of RIPK3 participates in this ubiquitination event, an observation that is consistent with recent proteomic analysis that shows RIPK1, but not RIPK3, as the predominant ubiquitinated species during necroptosis (4, 39) . Bortezomib is a clinically proven proteasome inhibitor in the treatment of multiple myeloma and mantle cell lymphoma (19) . Mechanisms such as endoplasmic reticulum stress (40) and inhibition of NF-B-mediated pro-survival gene expression (41, 42) have been proposed to mediate the cytotoxic effects of bortezomib. Our results demonstrate the RIPK3-MLKL necroptotic pathway as a novel signaling module that can be activated by bortezomib. Curiously, despite clear RIPK3-dependent phosphorylation of MLKL, RIPK3 kinase inhibitor did not rescue bortezomib-induced cell death in the human leukemia cell lines Jurkat and H9. The inability of RIPK3 kinase inhibitor to block bortezomib-induced cell death may be attributed to the multiple compensatory cell death pathways induced by bortezomib. Nonetheless, since proteasome inhibition has the capacity to activate RIPK3 and MLKL in leukemia cell lines, it will be interesting to determine whether bortezomib can induce necroptosis in primary leukemia cells. RIPK3 expression was found to be decreased in various human cancer cell lines (23, 43) as well as in primary colon cancer (23, 44) , breast cancer (45) , and acute myeloid leukemia (46) . Development of drugs to re-activate expression of RIPK3 in cancer cells may therefore synergize with proteasome inhibitors to enhance cancer cell death and treatment efficacy.
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